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In recent years new biological and physical controls have been suggested to drive
phytoplankton bloom dynamics in the North Atlantic. A better understanding of the
mechanisms driving primary production has potentially important implications for the
understanding of the biological carbon pump, as it has for prediction of the system in
climate change scenarios. However, the scientific discussion regarding this topic has
generally failed to integrate the different drivers into a coherent picture, often rendering the
proposed mechanisms exclusive to each other. We feel that the suggested mechanisms
are not mutually exclusive, but rather complementary. Thus, moving beyond the “single
mechanism” point of view, here we present an integrated conceptual model of the
physical and biological controls on phytoplankton dynamics in the North Atlantic. Further
we believe that the acclimation of physiological rates can play an important role in
mediating phytoplankton dynamics. Thus, this view emphasizes the occurrence of multiple
controls and relates their variations in impact to climate change.
Keywords: North Atlantic Ocean, phytoplankton spring bloom, abiotic and biotic controls, conceptual model,
climate change
INTRODUCTION
Evidence for the impact of climate change on the structure and
functioning of the marine environment is becoming increasingly
common in for example the North Atlantic, a key region for
carbon sequestration (Gruber et al., 2002). In this system, cen-
tral to our understanding of the biological carbon pump, which
is expected to be of increased importance in a high CO2 ocean
(Riebesell et al., 2007), is the role of phytoplankton. In the North
Atlantic phytoplankton blooms form an important feature of the
annual dynamics of the phytoplankton community and can con-
tribute significantly to carbon export (Allen et al., 2005). Different
definitions of the word “bloom” have been used in scientific lit-
erature, however it is most commonly referring to as elevate
phytoplankton concentrations (Smayda, 1997b). The scientific
discussion around the spring bloom has traditionally (Sverdrup,
1953) and more recently (Taylor and Ferrari, 2011b) been dom-
inated by the role of physical drivers. The conditions governing
net phytoplankton growth (r) over the seasonal cycle on the other
hand have mostly been discussed in the context of grazing con-
trol (e.g., Banse, 1992) and food web dynamics, e.g., the PEG
(Plankton Ecology Group) model (Sommer et al., 1986, 2012).
The “Dilution-Recoupling-Hypothesis” (Behrenfeld, 2010) and the
extended version thereof, the “Disturbance-Recovery-Hypothesis”
(Behrenfeld and Boss, 2014) have highlighted the importance
of grazing control on spring bloom dynamics. However, pub-
lications discussing the onset of the spring bloom have gen-
erally highlight one specific process, or as in a recent review
(Behrenfeld and Boss, 2014) strongly emphasize one particular
control. A more holistic understanding including the importance
of the interlinked nature of the biological and physical controls
requires the development of an integrated understanding of how
these mechanisms act individually and in concert to influence
phytoplankton dynamics. Such an understanding should not only
consider physical and biological drivers, and their intertwined
nature, but also the cells fundamental physiological ability to
react to external pressures as for example, acclimation can play an
important role in population dynamics and thus help to shape the
observed patterns of growth and abundance (Bowler and Scanlan,
2014).
SVERDRUP AND BEYOND
Sverdrup’s “Critical-Depth-Hypothesis” (Sverdrup, 1953) states
that a phytoplankton bloom is initiated when losses including,
cell respiration, sinking and grazing are compensated by the inte-
grated light driven growth within the mixed layer, thus leading
to a positive net primary production (r) and an increase in
phytoplankton concentration. The statement, that positive net
production occurs when growth is greater than losses, is inher-
ently true. However, Sverdrup’s interpretation, that this situation
coincides with the onset of thermal stratification in spring has
been called into question. Criticisms can mainly be attributed to
different interpretations of the original model as well as a more
careful investigation of Sverdrups assumptions.
Sverdrup’s first assumption is the existence of a thoroughly
mixed surface layer. Typically the mixed layer depth has been
defined by density approximated by the homogeneous distribu-
tion of water properties such as temperature and salinity, assum-
ing continuous mixing. However, after convective deep winter
mixing the onset of stratification can be delayed on the order
of days or even longer (Marshall and Schott, 1999; Taylor and
Ferrari, 2011b). During this window in time, wind mixing occurs
close to the surface, while the water mass is itself still character-
ized by a deep layer of homogeneous water properties (Chiswell,
2011). Under these conditions the density defined mixed layer
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depth does not give an accurate representation of the actual
mixing depth and surface blooms can occur in the absence of
stratification (Townsend et al., 1992; Taylor and Ferrari, 2011b;
Ferrari et al., 2014). Taking this physically orientated view, the
effect of the interplay between wind mixing and the shutdown of
deep convection for the onset of a surface bloom has been pro-
posed in the “Convection-Shutdown-Hypothesis” (Ferrari et al.,
2014). A more biologically orientated vision describing similar
dynamics was put forward by Smayda (1997a), who distinguished
between the roles of turbulence and stratification in controlling
phytoplankton growth on a cellular and population level due to
their eco-physiological impacts.
Sverdrups second assumption also relates to mixing and
assumes that within the mixed surface layer the level of turbu-
lence is strong enough to distribute plankton evenly throughout
the mixed layer. Assuming homogeneous turbulent diffusion
throughout a mixed layer, Huisman et al. (1999) found the
existence of a window of turbulence in which phytoplankton
are able to achieve positive net growth, thus bloom accord-
ing to his definition. At levels of turbulence below a certain
threshold, the Critical Turbulence, phytoplankton growth exceeds
losses due to vertical mixing and hence a bloom can develop.
On the other hand when turbulence levels become too low,
cells will not be maintained in the surface layer by turbulence
and will sink out of the mixed layer (Huisman et al., 2002).
The “Critical-Turbulence-Hypothesis” as defined by Behrenfeld
and Boss (2014) applies to active mixing instead of a density-
defined mixed layer, thus allowing the combination of these
assumptions.
Sverdrup further assumed a constant loss rate, encompassing
cell respiration, grazing and sinking. While he himself pointed
to the fact that the impact of these variable loss terms can
greatly influence the compensation depth, until recently this
has largely been ignored. A number of findings have brought
this assumption into question. For example, the “Disturbance-
Recovery-Hypothesis” focuses on the seasonally variable top-down
control. During winter, the deepening mixed layer dilutes phyto-
and zooplankton concentrations and due to the density depen-
dency of grazing pressure (Landry and Hassett, 1982) lead to a
reduction in grazing pressure. This process has been termed the
Decoupling of phytoplankton biomass from zooplankton grazing
pressure (Behrenfeld, 2010) and allows for an increase in r and
the standing phytoplankton stock, prior to the onset of strati-
fication in early spring (Behrenfeld and Boss, 2014). However,
importantly due to mixed layer deepening this is not evidenced
as a volumetric increase in biomass. As the water column begins
to stratify in early spring the ability of zooplankton to main-
tain themselves within the stratifying water column, leads to a
Recoupling of micro-zooplankton with phytoplankton cells, thus
increasing grazing pressure (Evans and Parslow, 1985; Behrenfeld
and Boss, 2014). This re-stratification also has implications for
carbon flux as after the shutdown of deep convection, phy-
toplankton cells below the depth of spring stratification are
Detrained, i.e., sink out below the developing summer mixed
layer and thus are lost to the deep ocean and do not con-
tribute to the new spring bloom (Evans and Parslow, 1985;
Behrenfeld and Boss, 2014). This phenomenon can potentially
induce an important export to depth prior to the onset of
stratification (Körtzinger et al., 2008).
Sverdrup’s use of a constant loss rate over a diurnal cycle and
over depth has further been criticized on physiological grounds
(Smetacek and Passow, 1990). Dark respiration for example is
known to be highly variable, not only with regard to species but
also depending on growth conditions (Steenmann Nielsen and
Hansen, 1959; Falkowski and Owens, 1980; Geider and Osborne,
1989). Within a deep mixed layer cells can experience prolonged
periods of darkness, which can result in changes in dark respi-
ration rates. Jochem (1999) found that when placed in darkness
within a few days cell can reduce their respiration rate to only a
few percent of their respiration rate in light. Further, most taxa
can produce resting stages some of which remain photosyntheti-
cally active (McMinn and Martin, 2013). French and Hargraves
(1980) estimated that a period of 12 h would provide enough
energy to sustain some diatom resting spores for 29 days in
the dark.
Yet another gap in the Sverdrup Hypothesis is the role of phys-
iology of sinking. Species-specific sinking rates depend on cell
size and shape (Smayda, 1970; Miklasz and Denny, 2010) as well
as on cell density, which is strongly linked to growth conditions
(Anderson and Sweeney, 1977; Bienfang et al., 1982; Brookes and
Ganf, 2001) and can exhibit a response time of only a few hours
(Waite et al., 1992). Huisman et al. (2002) showed that a certain
level of turbulence is required to counteract cell sinking. However,
for example Acuña et al. (2010) found that growing diatoms can
control their density to achieve positive buoyancy und thus per-
sist even in conditions of low turbulence. Similarly, the existence
of predators has the potential to promote the generation of defen-
sive structures such as spines, which not only deter grazers but
as well increase surface area thus reducing sinking rates (Nguyen
et al., 2011). The potential to adjust defenses against grazers is well
recognized (Vos et al., 2004) creating an evolutionary arms race
(Smetacek, 2001) as predators also show the ability to respond
to changing prey concentration (Mariani et al., 2013). The abil-
ity of planktonic organisms to react to increased predator or prey
concentrations “increases the relative importance of bottom-up
controls” (Vos et al., 2004) thus highlighting the role of physical
processes.
Given the above considerations, in the following we present
a conceptual model of the seasonal dynamics of phytoplank-
ton in the North Atlantic. With this model we aspire to move
toward a more holistic understanding of the different concepts
discussed in the literature, highlighting the interplay between
bio-physical mechanisms controlling the annual phytoplankton
dynamics as well as integrating the cells ability to react to changes
in environmental forcing.
PULLING IT TOGETHER: A CONCEPTUAL MODEL OF
SEASONAL DYNAMICS
In the winter, the concentration of phytoplankton within the win-
ter mixed layer is low and typically homogeneously distributed
(Backhaus et al., 2003; Ward and Waniek, 2007), however the
depth integrated standing stock is on the same order ofmagnitude
as during the spring bloom (Backhaus et al., 2003; Behrenfeld,
2010). During this period Phyto-convection can maintain a viable
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phytoplankton stock (Backhaus et al., 2003). Phyto-convection has
been defined as the ability of convective mixing to sustain a viable
phytoplankton population within a deep mixed layer by counter-
acting cell sinking rates hence frequently returning them into the
euphoric zone (Backhaus et al., 1999) (Figure 1B). Even though
frequently exposed to the euphotic zone and not limited by nutri-
ents during winter, low light levels during winter allow for limited
photosynthesis, rendering the respiratory loss term proportion-
ally more important (Sakshaug et al., 1991). Within the winter
phytoplankton community a number of processes both physio-
logical and morphological act to determine the composition of
the surviving community. The sinking rates of non or slow grow-
ing cells have been found to be higher than those of blooming cells
(Waite et al., 1992; Acuña et al., 2010). Thus, species, which are
low light acclimatized, have the potential to exhibit reduced sink-
ing rates and a greater potential to remain in the deep convective
cells. Conversely, cell respiration is reduced relative to fast grow-
ing cells (Geider and Osborne, 1989; McMinn and Martin, 2013).
Hence, although faster growing cells are favored due to reduced
sinking rates, prolonged periods without exposure to light will
result in losses due to higher respiration. Micro-zooplankton
grazing has been identified as a key control on phytoplankton
biomass (e.g., Banse, 1992; Sherr and Sherr, 2002) with changes
in importance over the annual cycle. During winter, mixed layer
deepening dilutes phytoplankton cells and active grazers resulting
in theDecoupling of grazing pressure from specific phytoplankton
growth (µ) (Evans and Parslow, 1985) (Figure 1C). Therefore,
the combined effect of low grazing pressure, low cell respiration
and convective mixing are able to compensate for cell sinking and
limited light exposure, allowing for a low but positive net phyto-
plankton growth in the convective mixed layer. As a result, this
leads to a slowly increasing standing stock, while the volumet-
ric phytoplankton concentration due to the dilution of the mixed
layer stays constant or even may decrease (Backhaus et al., 2003;
Behrenfeld and Boss, 2014).
Additionally the ephemeral nature of deep convention can
result in periods of reduced turbulence, due to a reduced net sur-
face heat flux in conjunction with low wind stress. During these
periods within the still actively mixed part of the upper ocean,
levels of turbulence fall below the threshold of Critical Turbulence
(Huisman et al., 1999) (Figure 1C). These periods of quiescence
combined with the cells ability to control buoyancy (Waite et al.,
1992; Acuña et al., 2010) can maintain cells in the surface layer.
However, such events are short lived and therefore do not induce
a density stratification of the water column, which enables phyto-
plankton cells to escape the grazing control of micro-zooplankton
(Irigoien et al., 2005). Thus, without Recoupling with grazers, this
can result in a light induced increase in growth and a subsequent
surface bloom in the absence of stratification (Townsend et al.,
1992) (Figure 1C). Furthermore, mesoscale ocean features such
as eddies (Mahadevan et al., 2012) and fronts (Taylor and Ferrari,
2011a) can induce stratification in the absence of net positive
FIGURE 1 | Conceptual model of the physical and biological controls and
their impacts on the seasonal cycle of phytoplankton in the open
subarctic North Atlantic. (A) Net surface heat flux (B) During winter, mixed
layer deepening causes the Dilution of plankton leading to a Decoupling of
grazers from phytoplankton. During this period phytoplankton are sustained
by Phyto-convection and in combination with ephemeral periods of Critical
Turbulence result in positive net growth. In early spring the shutdown of deep
convection leads to a light driven increase in surface growth. Subsequently
re-stratification results in further enhanced growth conditions, i.e., the Critical
Depth Model; the Detrainment of phytoplankton below the surface mixed
layer; and a Recoupling with grazers, resulting in a close coupling of biotic
and abiotic controls to mixed layer dynamics as observed during summer. In
autumn the releases of nutrient limitation due to mixed layer deepening lead
to specific growth controlled period before returning to winter conditions.
Meso-zooplankton (symbolized by copepods) remain in diapause below the
convective mixed layer during winter and migrate into the surface ML in
spring. (C) Difference of the impact of abiotic (green) and biotic (red)
controlling mechanisms on net phytoplankton growth (r ) relative to the
equilibrium dynamics imposed by phytoplankton composition and mixed
layer.
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heat input, leading to conditions conducive for phytoplankton
growth. In the spring, it has been suggested that the initiation of
“blooms can begin following winter deep convection, and prior
to the vernal development of stratification” (Townsend et al.,
1994). Following the “Convection-Shutdown-Hypothesis” (Ferrari
et al., 2014) during this transitional stage, positive net surface
heat flux (Figure 1A) leads to the shutdown of deep convec-
tion. Stratification does not occur instantaneously resulting in a
non-homogeneous mixing throughout the density defined mixed
layer (Marshall and Schott, 1999; Taylor and Ferrari, 2011b).
Within the upper actively mixed component, turbulence below
the threshold of Critical Turbulence (Huisman et al., 1999) occurs,
thus creating favorable light conditions for a further increase in
cell growth. Under conditions of increased cell growth (µ), res-
piration rates are higher (Falkowski and Owens, 1980; Xue et al.,
1996), while the species-specific sinking rates (Waite et al., 1992)
decrease and cells may even achieve positive buoyancy (Acuña
et al., 2010). This represents a switch in the strength of physio-
logically driven loss terms, when compared to winter conditions.
This change has the potential to be of considerable advantage
for cells. Increased light exposure due to the seasonal increase
in light and lower mixing depth allows for a higher photosyn-
thetic yield, while the reduction in turbulent mixing increases the
impact of cell sinking which is potentially offset by the cells ability
to reduce sinking rates. Here, similar to windows of reduced con-
vective mixing in winter, the increase in light exposure, facilitated
by adjustment of the physiologically controlled phytoplankton
loss rates, allows the increase in specific phytoplankton growth
rate. Simultaneously, Recoupling with micro-zooplankton gradu-
ally increases grazing pressure as stratification sets in. However,
during the initial stage after the shutdown of deep convection
light-driven phytoplankton growth out-completes the increase in
grazing control, thus leading to a further increase in net phy-
toplankton growth and biomass concentration near the surface
(Townsend et al., 1992; Taylor and Ferrari, 2011b).
Furthermore, the reduction of convective mixing and the sub-
sequent shoaling of the mixed layer causes the Detrainment of
phytoplankton cells below the receding convective layer (Evans
and Parslow, 1985; Behrenfeld and Boss, 2014), leaving cells to
sink to depth below the retreating mixed layer (Figure 1B). With
respect to the integrated phytoplankton biomass within themixed
layer, the increase in surface concentration is compensated by
the Detrainment of cells at greater depth, resulting in a stand-
ing stock on the same order of magnitude (Backhaus et al.,
2003; Behrenfeld and Boss, 2014). Subsequently, when surface
mixing becomes shallower than the euphotic zone phytoplank-
ton dynamics follow the traditional “Critical-Depth-Hypothesis”
where a combination of mixed layer depth, light availability, and
grazing pressure determines net phytoplankton growth and volu-
metric concentration (Sverdrup, 1953; Banse, 1992). Noteworthy,
in the North Atlantic the bulk of the meso-zooplankton com-
munity spend the winter in diapause below the permanent
mixed layer (Heinrich, 1962), thus removing their grazing pres-
sure independent of mixed layer dynamics. Behrenfeld and Boss
(2014) argue that the role of meso-zooplankton has traditionally
been overestimated, but despite more recent findings highlight-
ing the importance of micro-zooplankton (e.g., Banse, 1992),
meso-zooplankton still form an important part of the grazing
community during spring and early summer. Over the summer,
zooplankton grazing, dominated by micro-zooplankton grazing
(Banse, 1992) and viral infection (Suttle, 2005), in combina-
tion with nutrient limitation, control phytoplankton growth
and regulate the collapse and accession of the different phyto-
plankton groups (Margalef, 1978; Martin, 2012). Species-specific
blooms are often reported to be terminated by nutrient limi-
tation, which may induced increased sinking rates. These can
lead to the rapid removal of cells from the mixed layer, result-
ing in carbon export events as has been prominently observed
for diatom blooms (Allen et al., 2005). During fall, surface
cooling results in a deepening of the pycnocline and an injec-
tion of nutrient rich water into the nutrient depleted surface
layer as well as a reduction in grazing pressure due to dilution
(Sommer et al., 2012; Behrenfeld and Boss, 2014). Both these
processes lead to an increase in net phytoplankton growth and
can result in an autumn bloom, which potentially terminates
with a carbon export event (Findlay et al., 2005). Thereafter
the system reverts to winter conditions as described by the
“Disturbance-Recovery-Hypothesis.”
PHYTOPLANKTON DYNAMICS IN A CHANGING WORLD
Unlike subtropical systems, which are relatively stable and domi-
nated by nutrient limitation and the microbial loop (e.g., Sherr
and Sherr, 2002) or the more recently identified mixotrophic
loop (Mitra et al., 2014) throughout the year, the North Atlantic
shows distinct changes over the season. Here, the physical con-
trols shift from light limitation in autumn and winter to nutrient
controls during the summer, while the grazing control decreases
during the winter and due to Recoupling of micro-zooplankton
(Behrenfeld, 2010) and the re-emergence meso-zooplankton
form diapause (Heinrich, 1962; Sommer et al., 2012) increase
sharply in spring. Critical for the North Atlantic phytoplankton
community will be the influence of climate change on the pro-
cesses influencing the winter community and the seed population
for the spring bloom. Climate change is expected to increase strat-
ification in winter, which has been proposed to have opposing
effects on phytoplankton dynamics. Stratification will reduce the
dilution of active zooplankton and thus increase grazing pres-
sure (Behrenfeld et al., 2013) while also reducing light limitation
of phytoplankton growth (Doney, 2006) potentially leading to
higher biomass. A reduction of net surface heat flux will impact
upon the timing of occurrence and retreat, the depth as well
as the degree of deep convective mixing thereby impacting on
the phytoplankton community. During summer, a greater den-
sity difference between the surface and deep layers will reduce
the flux of nutrients into the euphotic zone thereby reducing
production. As a result the North Atlantic ecosystem is likely
to become more similar to lower latitude oligotrophic ecosys-
tems as it moves closer toward a recycling dominated community
(Doney, 2006). In the North Atlantic the complex interplay
between abiotic and biotic controls on phytoplankton clearly ren-
ders our understanding of the impact of climate change anything
but straightforward. Given the central role of phytoplankton in
marine ecosystems, e.g., in the North Atlantic, moving toward a
more integrated approach for understanding and predicting the
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role phytoplankton in the future is critical. Lewandowska et al.
(2014) investigated the combined effects of biological and phys-
ical drivers on bloom dynamics focusing on mesocosm exper-
iments and a global modeling approach. They concluded that
“the effect of ocean warming on marine plankton depends on
the nutrient regime,” and thus stratification. However, the tem-
perature dependent growth rate of heterotrophic protists shows a
stronger increase than that of phytoplankton. Thus, a scenario of
increased temperature could also lead to enhanced trophic cou-
pling, increasing grazing control (Rose and Caron, 2007). In a
recent model study Ward et al. (2014) found the total biomass to
be depended on nutrient availability, while grazing had a bigger
impact on community structure.
Our conceptual model is by nomeans complete as for example,
spatial and temporal small-scale variability of the processes out-
lined will determine local phytoplankton features. Furthermore,
an enhanced understanding on the role of viruses (Suttle, 2005),
cellular respiration (Marra, 2009), the adaptive capacities of
organisms as well as new insights on the interaction between
biophysical processes will continue to modify our perception of
phytoplankton dynamics in this ecosystem.
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